14 taking one list-mode time-stamped measurement of 125 I source, six spectra are generated in 15 post-processing: total spectrum, coincidence spectrum and energy gated coincidence 16 spectrum for each of the two detectors. They provide enough observables so that source 17 activity can be determined without a priori knowledge of the detector efficiencies. Once the 18 source is calibrated in this way the same spectra can be used to perform efficiency calibration 19 of the individual detectors in the low energy range. The source activity determination method 20
is an alternative to the already established X-ray-(X-ray, gamma) coincidence counting 21 method with two NaI(Tl) detectors and the sum-peak method using a single HPGe detector.
22
The method was compared with coincidence counting method using two NaI(Tl) detectors. 23 The advantage of this newly developed method is in combination of better energy resolution 24 of HPGe detectors and measurement of only full peak areas, without the need for total 25 efficiency determination, thus enabling activity determination even in presence of other 26 gamma emitters in the sample. Standard coincidence counting with NaI(Tl) detectors 27 provides lower uncertainties. The method has been used for calibration of a coincidence 28
HPGe spectrometer in the low energy range of 125 
with Xγ and X1 for gamma the emission probability and the total KX-ray emission probability 96 in the EC branch (the gamma line cannot be in coincidence with X-rays in the internal 97 conversion process so that is why only X-ray-gamma coincidences are subtracted). ε , is the 98 FEP efficiency of photon, KX or gamma-ray, detection by detector k. ε , is the total 99 efficiency of detecting KX or γ-ray in detector k, that is the probability of any deposition of 100 energy higher than the low energy threshold (around 5 keV on our system). 101
For energy gated coincidence count rate on each detector we have: 102
103
N3 is the count rate under the X-ray peaks on detector 1 that are in coincidence with the FEP 105 gamma events on detector 2 and N4 is the count rate under the X-ray peaks on detector 2 that 106 are in coincidence with the FEP gamma events on detector 1, see Fig. 5 . We used only the Kβ 107 X-rays (30.9-31.8 keV) to avoid the problem of a more complicated peak area calculation for 108 the non-resolved Kα X-rays lines from the escape peak, see Fig. 6 , so X2 stands for Kβ X-ray 109 emission probability in the EC branch. 110
Finally, for coincidence count rate under gamma peak we get: 111
To solve analytically the system of Eqs. (1) - (3) we need an additional assumption. 114
Connecting the FEP efficiencies for KβX-ray and γ-ray:
leads to two analytical solutions for decay rate N0: 118
If we assume that the FEP efficiencies ε 1 , on X-ray energies and on gamma energy are 121
proportional by factor z1 on detector one, Eq. (4a), we get the solution Eq. (5a) and respective 122 for the other detector. 123
The symmetric combination of Eqs. (5a) and (5b) is the final solution for the decay rate: 124
Eq. (6) is derived under the assumption that total detection efficiencies are the same for all X-126 ray photons (27-31 keV) in each of the detectors and the same is valid for X-ray FEP 127
efficiencies. This means that the different detectors can be used. Ratios of X-ray to γ ray FEP 128 efficiencies, Eqs. (4a) and (4b), will be determined by Monte Carlo simulations (Chapter 4), 129
but as it will be mentioned in Section 5.3 they can be roughly determined by simple 130 attenuation calculations. X-ray emission from EC and γ-ray emission are independent 131 processes so there is no angular correlation between the photons coming from the two. 132
Another parameter of interest is the solution for the FEP efficiency: 133
Depending on the assumption (4a) or (4b) we get Eq. (7a) or (7b). For the efficiency on 136 detector two just exchange N1 with N2 and N5 with N6. Similar as for the count rate, the final 137 solution for the efficiency is the symmetric combination of Eqs. (7a) and (7b): 138
Eq. (8) A NaI(Tl) detector system, consisting of two Bicron 3' NaI(Tl) detectors placed in a long 158 lead shield of 10 cm thickness enabling detectors to be positioned from 0 cm to 15 cm 159 window-to-window distance, was used for X-ray-(X-ray, gamma) coincidence measurements. 160
A CAEN DT5780P digital multichannel was used for the acquisition, similar to the one used 161 with the HPGe system in all parameters except that it is not a NIM unit but a standalone 162 desktop also providing high voltage for the photomultiplier tubes. 163
The first batch of 125 I point sources was prepared by pipetting 5-20 µL of 125 I solution 164 (PerkinElmer, NaI, pH9) onto sticky paper with plastic back support (0.1 mm thickness, 165
1.5×3.0 cm), the droplet of 125 I solution was evaporated to dryness at room temperature for 1-166 4 hours. The dried sources were sealed by folding the sticky foil, which was then put into a 167 plastic bag (0.05 mm thickness) for measurement. A large variation of the measured activity 168 in these point sources was observed (up to 10%), which might be attributed to the loss of 125 I 169 during evaporation even at room temperature. That is why the second batch of point sources 170
were prepared by immediately sealing the source by folding the sticky paper after pipetting 171 125 I solution (2-5 µl) on a small filter paper (0.3×0.3 cm 2 ) attached to the sticky paper without 172 evaporation. The folded sources were sealed in plastic bag for measurement. I spectrum (fine tuning is explained in section 2.2). Dead layer 181 thickness and window to crystal distance were roughly estimated by adjusting the areas of X-182 ray escape peaks and sum peaks while keeping the gamma peak normalized to experimental 183 area of γ peak. It was needed to adjust the curvature of C window (Fig. 2) as the attenuation 184 is air is higher than attenuation in vacuum. The upper and side germanium dead layers are not 185 visible in the figure as their thickness is in submicron range. Fig. 3 shows good overlap of 186 experimentally measured spectrum and MC simulation of 125 I for a 0.9 µm Ge dead layer and 187 a 5.5 mm window to crystal distance for each of the detectors. 188
The model with monoenergetic photon source of 31.1 keV and 35.5 keV energies was used 189 for calculation of X-ray to γ ray FEP efficiency ratio (z in Eqs. (4a) and (4b)). As FEP 190 efficiencies of X-ray and γ energies are two strongly correlated quantities, relative 191 uncertainty of their ratio is much lower than the relative uncertainty of each quantity 1 . By this 192 it was possible to determine the coefficient z to 0.5% relative uncertainty (conservative 193 estimate) with efficiencies varying by 10%. with activity of (936±22) Bq (k=2) on the reference date of 1 February 2017. After the source 215 had been measured all spectra were generated in post processing analysis of the time-stamped 216 data file. First parameter needed for coincidence identification is the coincidence window 217
width. Fig. 4 shows the coincidence time spectrum generated by plotting the time difference 218
between the coincident signals in the two detectors. There is a sharp coincidence peak 219 symmetric around 0, as the detectors are the same (very similar) there is no difference in 220 charge collection and signal formation, so there was no need for a delay. A coincidence 221 window width of 1.4 µs was selected and used in the further analysis. With this count rate the 222 random coincidence effect was negligible. 223 (34.5 keV -36.5 keV) coincidence regions used for production of spectra from which the 237 count rates N3 and N4 are calculated are shown in red rectangles. 238 239
A single spectrum, coincidence spectrum and an energy gated coincidence spectrum for one 240 of the detectors are shown in Fig. 6 . In single spectrum all the X-ray peaks, γ peak, true 241 coincidence sum peaks, germanium X-ray escapes and various combinations can be seen. In 242 the coincidence spectrum only a few events above the 35.5 keV γ-ray energy are present and 243 those can be explained by the recapture of the escaped Ge X-ray from the other detector as 244 can be seen from Fig. 5 (full energy of the two coincident photons -9.9 keV deposited in one 245 detector and 9.9 keV in the other). The energy gated coincidence spectrum has two wide lines 246 belonging to X-ray Kα and Kβ and their germanium X-ray escapes shifted 9.9 keV to lower 247 energies. 248 249 Finally, when all the count rates are calculated, Eq. (6) is used and after decay correction to 256 reference date and correction for decay during the measurement time for total 125 I we got the 257 value of (938 ± 13) Bq (k=1) which is in agreement with the one provided by 258
Eckert&Ziegler. Here the source was measured for 86400 s to get the counting statistic 259 contribution to uncertainty as low as possible. If a shorter counting time of 14400 s would be 260 selected we calculate an activity value of (931±18) Bq (k=1). Uncertainty was calculated with 261 the use of propagation formula for dependent function 3 under the assumption that the 262 observables are independent. Uncertainty budget, consisting of 10 parameters, and presented 263 in a way similar as in [15] , is given in Table 2 where sources of uncertainty are divided in 264 five groups. Relative uncertainty of MCs model used for the determination of parameters z1 265 and z2 is comparable to relative uncertainties of decay constants used so there is no point in 266
further improving that part. The main uncertainty component is the energy gated coincidence 267 count rate because of low probability for detection of γ-ray and Kβ X-ray in two detectors. 268 269 Table 2 Uncertainty budget (k=1) for 86400 s measurement. Total uncertainty has been 270 estimated as the square root of the sum of quadratic components (correlations neglected -271 conservative approach). Using both Kα and Kβ X-rays in energy gated coincidence mode significantly improves 274 counting statistics but introduces additional uncertainty in the final result that is harder to 275 account for. The reason is not only complicated peak area determination for Kα X-rays but 276 also harder relaying on the assumption of equivalence between efficiencies on different 277 energies, Eqs. (4a) or (4b), extending over the almost double energy range than if only Kβ X-278 rays are used. If the source activity is high enough we thus recommend using only Kβ X-rays 279 since this introduces less error. If both Kα and Kβ X-rays are going to be used X2 needs to be 280 changed to X1 in Eqs. When compared with photon-photon coincidence counting measurements using two NaI(Tl) 339 detectors the new method gives much higher uncertainties (Table 4 ). This is due to the fact 340 that in the spectra obtained using NaI detectors all the lines are summed so the relative 341 uncertainty of each input parameter is lower, and there are fewer input parameters for the 342 same reason. Also when taking the energy gated coincidence spectrum, the additional energy 343 condition significantly reduces the probability for coincidence events thus reducing the 344 statistics. When applied to a pure 125 I source standardisation, photon -photon coincidence 345 counting significantly outperforms the method proposed in this work, but it fails in the 346 presence of impurities or mixture of radionuclides due to the poor energy resolution of 347 NaI(Tl) detector (Fig. 9 ) and the need for total efficiency measurement. 348 349 When developing this method the motivation was to develop the counterpart to the well-360 established NaI-NaI source standardisation method that would work with our HPGe 361 coincidence system. The method shows some promising characteristics, such as good energy 362 resolution enabling source standardisation measurement even in the presence of other 363 radionuclides or impurities. The aim was not to produce the most accurate, precise and time 364 effective/fastest source standardisation method. X-ray-(X-ray, gamma) coincidence counting 365 method with two NaI detectors provides sufficient performance with much simpler and 366 cheaper detector system. Total uncertainty of the newly developed coincidence method for 367
HPGe-HPGe system is around 1.5% compared to 0.3% for NaI-NaI method. 368
Low photon energies such as from 125 I usually are not included in standard multi-gamma 369 calibration solutions and sometimes it might be useful to perform an activity standardisation 370 measurement and extend the efficiency curve of the detector system towards lower energies. 371
The efficiency calibration of HPGe coincidence systems is very sensitive so this method (or 372 equivalents for other nuclides) could be used to perform the calibrations. Also it should be 373 possible to extend the method to other cascade emitting nuclides and by that to expand the 374 applicability of HPGe-HPGe coincidence systems not only for low level measurements as it 375 has already been used, but also into the field of activity standardisation or absolute activity 376 measurements. 377 378
